Invasive techniques are used for conventional measurements of cerebral blood volume and there is a need for methods which are more readily applicable clinically. We studied 13 healthy volunteers using near infrared spectroscopy and transcranial Doppler sonography. Middle cerebral artery flow velocity (vmca) and changes in cerebral oxygenated haemoglobin (HbO2), deoxygenated Hb (Hb), HbO2;Hb (Hbdiff) and HbO2;Hb (total haemoglobin; Hbt) were measured at baseline and during graded reduction in arterial oxygen saturation , respectively. Changes in Hbt were not systematically related to changes in ′ An increase in vmca and reciprocal decrease in estimated cerebrovascular resistance were observed when oxygen saturation decreased to less than 90-93%. These results suggest that cerebral haemodynamics in individual subjects may be monitored non-invasively providing the methodology is modified to account for hypoxic vasodilatation. (Br.
Changes in arterial oxygen and carbon dioxide tensions have important effects on the cerebral vasculature. Hyperventilation is commonly used to reduce cerebral blood volume (CBV) and control increased intracranial pressure during neuroanaesthesia and in neurosurgical critical care. While several studies have addressed the effects of changes in 2 CO a P on cerebral blood flow, few have addressed the effects of carbon dioxide changes on CBV because methodology for its measurement is not available widely and not applicable to routine monitoring of individual patients in clinical practice.
The aim of this study was to evaluate the use of non-invasive methods to estimate CBV using graded arterial hypoxaemia and changes in carbon dioxide tension. Changes in cerebral blood flow and CBV were estimated by non-invasive methods of monitoring using transcranial Doppler (TCD) 1 and near infrared spectroscopy (NIRS), a relatively new application of an existing technology which can be used toprovide information on changes in the levels of cerebral oxygenated and deoxygenated haemoglobin, cerebral blood flow and volume.
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Subjects and methods
After obtaining local research Ethics Committee approval and informed consent, we studied 13 healthy subjects (eight men), mean age 35 (range 22-57) yr.
The middle cerebral artery (MCA) was localized through the temporal window with the TCD probe (SciMed, Bristol, UK) and the sample depth volume altered until the trunk of the MCA was being insonated. This provided time-averaged mean measurements of MCA flow velocity (vmca). The NIRS probes (NIR 1000; Hammamatsu Photonics, Japan) were then attached to the forehead, 6 cm apart, on the same side as the TCD and secured by gauze wrapped around the head to prevent movement and interference from extraneous light. We used NIRS to measure cerebral concentrations of deoxygenated haemoglobin (Hb), oxygenated haemoglobin (HbO 2 ), the difference between oxygenated and deoxygenated haemoglobin (Hbdiff) and total haemoglobin (Hb;HbO 2 ). A plethysmographic non-invasive continuous arterial pressure monitor (Finapres; Ohmeda, UK) and a pulse oximeter probe (Multinex; UK) were attached to the fingers on the right hand. Fractional end-tidal carbon dioxide concentrations in expired air
were measured using an infrared carbon dioxide analyser (Capnomac; Datex, UK).
After a period of stable baseline recording the subject was then asked to breathe air through a mouthpiece connected to a low resistance anaesthetic breathing system. After 3 min of baseline measurement, the subject was then given a hypoxic mixture of nitrogen in oxygen to gradually decrease oxygen saturation to 85%. After another 3 min of recording at baseline, carbon dioxide was added to the inspired gas mixture to increase the end-tidal carbon dioxide concentration to approximately 1.5 kPa above baseline at normoxia. Steady levels of hypercapnia were maintained for 3 min, after which the hypoxic mixture was re-introduced to gradually reduce 2 O p S to 85% during hypercapnia. Carbon dioxide was withdrawn from the inspired gas mixture, 2 O p S was allowed to normalize and the subject was then asked to hyperventilate aiming for an end-tidal carbon dioxide of 3.5 kpa. Each subject was held at stable hypocapnia for 3 min during which gradual desaturation was again repeated. After this, subjects breathed air until baseline 2 O p S and end-tidal carbon dioxide concentrations were re-established. The measured variables, oxygen saturation, end-tidal carbon dioxide, cerebral oxygenated and deoxygenated haemoglobin concentrations, CBV, arterial pressure and heart rate were averaged over 2-s epochs, down-loaded on to a lap-top computer and analysed using software developed for monitoring intracranial pressure and waveform analysis. 10 An example of the data output from one volunteer is shown in figure 1 ). Haemoglobin concentration was not measured in individual subjects as all volunteers were healthy adults. This should have no effect on calculated values after indexing the data. CLVHR:Coefficient of the large to small vessel packed red cell ratio (assumed to be 0.69) 9 and K:a constant: Pooled data from all subjects were used to derive regression lines for the relationships between 
Results
Changes in mean arterial pressure during the course of these experiments were well within the limits of pressure autoregulation (MAP range 71-112 mm Hg). Steady state levels of 2 CO E F ′ normocapnia, hypercapnia and hypocapnia were achieved in nine of 13 subjects (mean 5.0 (SD 0.32), 6.3 (0.52) and 3.5 (0.32) kPa, respectively). Four subjects did not achieve steady state end-tidal carbon dioxide concentrations at one or more stages of the study and 
Discussion
Near infrared spectroscopy can provide information on changes in cerebral haemoglobin concentrations and might be expected to be a useful technique to study changes in CBV. Although CBV ( 9 is that this represents a change in CBV. However, it is important to explore other causes for this phenomenon. One possible mechanism could be that the oxyhaemoglobin dissociation curve is shifted to the left as a result of respiratory alkalosis produced by hyperventilation, thereby decreasing the oxygen availability to tissues. 12 If this were an important effect, the rate at which oxygen was unloaded from haemoglobin in tissues with increasing arterial desaturation might be decreased during hypocapnia, thus contributing to a reduction in the gradient of the 2 
O
HbO / p S slope. The issue of whether or not hypocapnic changes in the haemoglobin-oxygen (Hb-O 2 ) dissociation curve contribute to tissue hypoxia remains unresolved. Cruz, Gennarelli and Hoffstad studied 37 brain injured patients with jugular venous monitoring during hyperventilation. 13 They concluded that the Bohr effect was irrelevant to cerebral oxygen availability during hypocapnia unless hypocapnia was profound (arterial pH97.6). However, no direct information on the effect of 2 CO a P concentrations on the Hb-O 2 dissociation curve (e.g. P 50 ) was provided and this study primarily addressed the adequacy of oxygen delivery to the brain in "optimally ventilated" patients with head injury and abnormal cerebrovascular reactivity; any conclusions drawn from these data may not necessarily apply to hyperventilation in normal subjects with intact autoregulation. In our experiments, CBF appeared to increase during mild desaturation at hypocapnia in volunteers, suggesting that the threshold for hypoxic vasodilatation may have been breached, despite the literature suggesting a much lower 2 O p S value for initiation of this phenomenon. The suggestion that hypocapnic vasoconstriction may cause cerebral hypoxia adequate to result in vasodilatation is supported by the findings of Alexander and co-workers 14 who showed a small increase in glucose metabolism and elevated lactate production during hypocapnia in lightly anaesthetized subjects. This implies that excessive hyperventilation may cause a critically reduced tissue PO 2 in that there is a shift from aerobic to anaerobic metabolism of glucose. Under such conditions, maintenance of tissue oxygen delivery can be achieved only by reversal of at least part of the hypocapnic vasoconstriction with resulting increases in CBF and CBV. This explanation is supported by the results of a separate study that we performed under the same experimental conditions 15 where we demonstrated significant decreases in estimated cerebrovascular resistance (CVR E ) and significant increases in vmca during graded arterial desaturation at 2 O p S values of 90%. This discussion may provide a possible explanation for the discrepancies that we observed between our two measures of CBV reactivity. Conventionally, we would not expect to see alterations in CBF in 
